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Heusler alloys are widely studied due to their interesting structural and magnetic properties, like 
magnetic memory shape ability, coupled magneto-structural phase transitions and half-metallicity; 
ruled, for many cases, by the valence electrons number (N v ). The present work focuses on the mag¬ 
netocaloric potentials of half-metals, exploring the effect of N v on the magnetic entropy change, pre¬ 
serving half-metallicity. The test bench is the Si-rich side of the half-metallic series Fe 2 MnSii_ a: Ga a: . 

From the obtained experimental results it was possible to obtain |AS'| max = AH 0 8 {a + /3N V ), i.e., 
the maximum magnetic entropy change depends in a linear fashion on JV„, weighted by a power law 
on the magnetic field change AH (a and /3 are constants experimentally determined). In addition, 
it was also possible to predict a new multifunctional Heusler alloy, with enhanced magnetocaloric 
effect, Curie temperature close to 300 K and half-metallicity. 
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I. INTRODUCTION 

Heusler alloys have been attracted considerable atten¬ 
tion due to their several possible applications, such as 
on spintronics [1, 2], magneto-optics [3], magnetoeletro- 
nics [4], solar thermoeletrics and other technological de¬ 
vices [5]. The physical properties for these applications, 
such as magnetization [2, 6] and the Curie temperature 
[7, 8], can be further optimized managing some parame¬ 
ters, as, for instance, lattice parameter and valence elec¬ 
trons numbers (N v ), in which are possible to be ruled by 
chemical substitution. An example of the above are alloys 
that were optimized to exhibit the curious memory shape 
behavior, defined as the ability of the material to come 
back to its original shape after deformed by a change in 
temperature and magnetic field; found, for instance, on 
Ni45C05Mn36.6ln13.4l9]. Also remarkable is the magne¬ 
tocaloric effect around the magnetic transition tempera¬ 
ture due to the occurrence of coupled magneto-structural 
transitions; found, for instance, on non-stoichometric Ni- 
Mn-Ga alloys [10, 11]. Other important example is the 
half-metallicity, in which the alloy presents a gap in the 
minority band, working therefore as a perfect spin filter, 
since electrons at the Fermi level are fully polarized. This 
feature is useful for spintronic purposes and is found, for 
instance, on Fe2MnSi[12], Fe2MnP[13] and the high tem¬ 
perature ferromagnets Co2MnSi and Co2MnGa[2], The 
aim of this work is thus to predict a multifunctional Heus¬ 
ler alloy, with enhanced magnetocaloric effect at room 
temperature and half-metallicity. 

More precisely, the magnetocaloric effect (MCE) has 
been studied by several researchers in order to develop 
magnetocaloric materials of low cost, good thermal con¬ 


ductivity, low electrical resistivity and mainly maximized 
magnetocaloric potential. The MCE can be seen from 
either an adiabatic or isothermal process, both due to a 
change of the applied magnetic field. From an adiabatic 
process, the magnetic material changes its temperature; 
while for an isothermal process it exchanges heat with 
a thermal reservoir. It is therefore possible to create a 
thermomagnetic cycle and a magnetic refrigerator based 
on these processes [14, 15]. Some compounds that exhi¬ 
bit remarkable MCE potentials are, for instance, manga- 
nites [16-19]; MnAs-based compounds [20-23]; Heusler 
alloys [10, 11]; La-Fe-Si alloys [24, 25]; intermetallics like 
RNi 2 (R = Nd, Gd, Tb)[26], RCo 2 (R = Er, Tb)[27] and 
PrNii_ x Co x [28]; and even diamagnetic materials like 
graphenes [29, 30]. 

On the other hand, half-metal materials is one of the 
key rules to spintronics, since these materials are able to 
filter majority spins of an incoming non-polarized cur¬ 
rent. These are therefore useful for tunnel junctions, 
spin-injection and giant magnetoresistance devices[2], 
specially those with high Curie temperature. More preci¬ 
sely, the tunnel magnetoresistance ratio (TMR) become 
theoretically infinity based on the Julliere’s model, for 
tunnel junctions using half-metals in both electrodes[31[. 
The half-metallicity can be verified from either the the¬ 
oretical density of states, obtained from first-principle 
methods, or the total magnetic moment of the com¬ 
pound, that must obey the generalized Slater-Pauling 
rule M = (N v — 24)ps[2], where the valence electrons 
number N v is written, for our case, as[12]: 

N v = (2 x N-p e ) + N Un + (1 - x)N S[ + xN g& (1) 
Above, Np e = 8, -ZVjy^ = 7, Algj = 4 and Nq & = 3 are 
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the valence electrons for each atom. 

Considering this scenario, our aim is to provide a multi¬ 
functional Heusler alloy, with half-metallicity and enhan¬ 
ced magnetocaloric effect, tuning thus this multifuncti- 
onallity with the valence electrons number N v . To this 
purpose, our test bench materials are the Si-rich side of 
the half-metallic series Fe 2 MnSii_ x Ga x . 


II. FURTHER DETAILS ON THE TEST BENCH 
MATERIAL 

The magnetic and structural properties of parent 
Fe 2 MnSi and Fe 2 MnGa Heusler alloys have been previ¬ 
ously investigated [33-35]. The former is a well know 
half-metallic ferromagnet alloy with T c around 224 K[12] 
and Fm3m spacial group (CU 2 M 11 AI type structure); 
while Fe 2 MnGa is also a half-metallic ferromagnet with 
T c far above room temperature, around 800 K as pre¬ 
viously reported [35, 36], and crystallizes in the Pm3m 
spacial group (CU 3 AU type structure). 

In spite of different crystallographic structures of those 
parent compounds, it is possible to achieve single phase 
samples of the series Fe 2 MnSii_ x Ga x ; however, only for 
the Si-rich side up to 50%; i.e., the crystal structure of 
Fe 2 MnSi parent compound supports Ga substitution up 
to x = 0.50, with the lattice parameter a increasing by 
increasing Ga content[12]. In spite of these finds, the 
literature has no results on the magnetocaloric effect of 
these materials, but the Curie temperature of this series 
was detailed explored by this group and reported in re¬ 
ference [12], This last was presented as a function of the 
valence electrons number N v and an interesting linear 
behavior was found (see figure 1). Thus, since the aim of 
the present work is to provide a multifunctional Heusler 
alloy with enhanced magnetocaloric properties ruled by 
N v and half-metallicity, from figure 1 it is straightforward 
to extrapolate the Curie temperature to 300 K and verify 
that N v = 27.44 would bring the ferromagnetic transition 
up to room temperature (a desired feature expected to 
optimize magnetocaloric materials). Other studies con¬ 
necting T c and N v confirm the linear growth tendency of 
these quantities for half-metallic Heusler alloys [5[. 

Thus, as a consequence of the above reported, we must 
increase the valence electrons number N v to further opti¬ 
mize the magnetocaloric properties of half-metal Heusler 
alloys. To achieve this goal, either Si or Ga must be 
replaced by other element (or elements) that can contri¬ 
bute with more electrons; i.e., those elements belonging 
to, for instance, group 15 of the periodic table, such as 
P or As. These elements contribute with 5 electrons and 
can indeed increase the overall valence electrons number 
of the system. On the other hand, a substitution by a 
group 14 element, such as Ge and Sn, does not increase 
the overall valence electrons number for this series, since 
these have only 4 valence electrons (the same valence 
electron number of Si). In fact, Zhang [40] found values 
for T c between only 243 and 260 K in the same struc- 



Figura 1. Linear behavior of the Curie temperature (T c ) as a 
function of the valence electrons number N v . The signal 
marks the necessary N v value to reach T c at room tempera¬ 
ture, found to be N v = 27.44. 

tural phase, by replacing Si by Ge in parental Fe 2 MnSi 
compound. 

From the above, we propose therefore 
Fe 2 MnSio. 56 Po. 44 ; since Kervan and Kervan [13] 
conducted an ab initio calculations concerning the 
Fe 2 MnP and confirmed the half-metallic features of the 
systems. 

III. EXPERIMENTAL DETAILS 

Polycrystaline ingots of Fe 2 MnSii_ x Ga x Heusler alloys 
were synthesized in arc furnace under Ar atmosphere. 
The mass of the reactants of high purity were calcula¬ 
ted in stoichiometric quantities, with exception of Mn, 
which was added in excess of 3% from the stoichiometry 
to compensate possible losses during the melting process. 
This additional amount was found using the preparation 
process described in [37]. The ingots were wrapped in 
tantalum foils, sealed in a quartz tube filled with ar¬ 
gon and annealed for 3 days at 1323 K with subsequent 
quench in water to obtain single phase samples. X-ray 
powder diffraction data were obtained at room tempe¬ 
rature using a Bruker AXS D 8 Advance diffractometer 
with Cu-Ka radiation (A = 1.54056 A) at Laboratorio 
de Difragao de Raios-X at UFF and confirmed the sin¬ 
gle phase formation for all samples. Energy dispersive 
X-ray spectroscopy (EDS) performed at Laboratorio de 
Caracterizagao de Materiais at IF-Sudeste MG was used 
to obtain the samples composition. The found average 
values are in very good agreement with the nominal com¬ 
position. Magnetization data were acquired as a function 
of temperature and magnetic field using a commercial 
Superconducting Quantum Interference Device (SQUID, 
from Quantum Design®) at Laboratorio de Baixas Tem- 
peraturas at UNICAMP. Further details about samples 
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preparation and structural characterization can be found 
in the reference [12]. 


IV. MAGNETOCALORIC EFFECT AND THE 

VALENCE ELECTRONS NUMBER 

The physical quantities that measure the magne¬ 
tocaloric potential are the magnetic entropy change 
AS(T,AH) and the adiabatic temperature change 
A T(T, AH). The magnetic entropy change is more com¬ 
mon to be found in the literature, since it only needs the 
magnetization map, i.e., M(T,H). Thus, we performed 
magnetization measurements as a function of magnetic 
field for several temperatures around the magnetic tran¬ 
sition temperature T c (see figure 2-left), for some selected 
compositions (x = 0.50, 0.12 and 0.02), chosen among 
those available on figure 1. 

From M vs. H isothermal curves it is possible to obtain 
AS(T, AH) accordingly to: 

AS < T ' A H) ‘ S“ i^r 1 ) „ iH - (2) 

The calculated values of A S(T, AH) are presented on fi¬ 
gure 2-right for AH = 10, 20, 30, 40 and 50 kOe. A really 
interesting result was then found by increasing N v (repla¬ 
cing Ga by Si), in which the maximum magnetic entropy 
change increases. As mentioned above, the Curie tem¬ 
perature also increases by increasing N v (see figure 1), 
and therefore a shift towards higher temperatures on the 
magnetic entropy change peak is observed (and expec¬ 
ted). These results are clearly seen on figure 2-left and 
summarized on figure 3. 

From now on let us then focus on figure 3. Note the 
maximum magnetic entropy change |AS , | maa: has a linear 
behavior depending on Ga by Si substitution, i.e, depen¬ 
ding on N v -, and, for N v = 27.44, it is expected to achi¬ 
eve 1.2 J/kg.K@20 kOe, that would indeed be compara¬ 
ble to standard metallic Gd (4 J/kg.K@20 kOe). Thus, 
the Heusler alloy with N v = 27.44 would optimize the 
Curie temperature, shifting lA.S'lmaz towards room tem¬ 
perature, and, in addition, enhance the magnetocaloric 
properties (see figure 3). 

Let us see deeper into this result. Note |AS'| max has 
a linear dependence with N v for any value of applied 
field change AH, but the slope and intercept parameters 
of these straight lines are AH dependent. Thus, it is 
reasonable to propose: 

\AS\ max (N v ,AH) = a(AH) + b(AH)N v (3) 

Note therefore the value of N v for which |AS'| max goes 
to zero does not depend on AH and then a(AH)/b(AH) 
ratio is a constant (N v = 25.7), i.e., independent of 
AH. In addition, there is also a boundary condition: 
\AS\ max (N v , AH = 0) = 0 and thus we can write 
a(AH = 0) = b(AH = 0) = 0. Taking advantage of 


these ideas, it is reasonable to propose: 

a(AH) = aAH 7 and b{AH) = /3AH 1 (4) 

that leads to: 

\AS\ max {N v ,AH) = AH' 1 (a + pN v ) (5) 

The above equation satisfies what we are observing. The 
point now is to obtain the parameters a, [3 and 7 from the 
experimental results. To go further, we then need a(AH) 
and b{AH) as a function of A H~, and these quantities can 
be easily obtained from the experimental data presented 
on figure 3 - and these are shown on figure 4. 

Equation 4 were then fitted to the presented data 
on figure 4 and the needed parameters were obtained: 
a = -1.62(9) J/kg.K.kOe 7 , /3 = 0.063(3) J/kg.K.kOe 7 
and 7 = 0.80(1). An important point should be empha¬ 
sized: each fitting has its 7 exponent free to change and 
the experimental data lead those two (one from a and the 
other from b ), to the same value of 0.80(1). It is an experi¬ 
mental evidence that indeed those straight lines on figure 
3 tend to the same value of N v for a zero |A5'| mQX value; 
otherwise we could not factored AH' 1 as it is on equation 
5 and, as a consequence, a(AH)/b(AH) would be AH 
dependent (contrarily to what was observed). To stress 
this idea, figure 3-right axis presents \AS\ max /AH 0S and 
indeed this quantity collapses all of the magnetocaloric 
data into a single point. 

V. CONCLUDING REMARKS 

In the present paper we explored the Si-rich side of 
Fe 2 MnSii_ x Ga x Heusler alloys and concluded that the 
valence electron number N v plays an important rule on 
their Curie temperature and magnetic entropy change. 
Increasing N v (equivalente to increase the Si content 
from Fe 2 MnSio. 5 Gao .5 compound), leads to a linear in¬ 
creasing of those both quantities. Our conclusion is that 
N v = 27.44 would bring the Curie temperature of the 
compound to room temperature, as well as promote an 
increasing on the maximum magnetic entropy change. 
From these results we could also propose (based on the 
experimental data), an empirical linear relationship of 
the maximum magnetic entropy change |AS'| max with 
N v , weighted by a power law of AH, i.e.: |A5'| mQX = 
A H 0 8 (a + /3N V ), where a and /3 are constants experi¬ 
mentally determined. To achieve the goal of the present 
effort, we also propose to substitute Ga by a group 15 ele¬ 
ment, like P; and we expect that Fe 2 MnSio. 56 Po .44 would 
have their Curie temperatures close to 300 K, with an 
enhanced magnetocaloric effect. In addition, it is know 
from reference [13] that Fe 2 MnP is a half-metal Heusler 
alloy and therefore we expect that the above proposal 
leads, in addition to the enhanced MCE properties, a 
lialf-metal system with the Curie temperature close to 
room temperature. Thus, this ideas can indeed lead to 
new multifunctional material, opening doors for further 
researches on this topic. 
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Figura 2. (color online) Magnetization isotherms (left) and magnetic entropy changes (right) for the Si-rich side of the 
Fe 2 MnSii- 2 ,Gaa; series (x = 0.50, 0.12, 0.02). 
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